Type 2 diabetes (T2D) is a leading risk factor for cardiovascular diseases including atherosclerosis and coronary heart disease. Exercise training (ET) is thought to have a beneficial effect on these disorders, but the basis for this effect is not fully understood. Because endothelial dysfunction plays a key role in the pathological events leading to cardiovascular complications in T2D, we hypothesized that the effects of ET will be evidenced by improvements in coronary endothelial function. To test this hypothesis, we assessed the effects of ET on vascular function of diabetic (db/db, Lepr db ) mice by evaluating endothelial function of isolated coronary arterioles of wild-type (WT) and db/db mice with/without ET. Although dilation of vessels to the endothelial-independent vasodilator, sodium nitroprusside was not different between db/db and WT, dilation to the endothelial-dependent agonist, acetylcholine (ACh), was impaired in db/db compared to WT mice. Vasodilation to ACh was restored in db/db with ET and insulin sensitivity was improved in the db/db after ET. Exercise did not change body weight of db/db, but superoxide dismutase (SOD1 and SOD2) and phosphorylated-eNOS protein (Ser1177) expression in heart tissue was up-regulated whereas tumor necrosis factor-alpha (TNF-α) protein level was decreased by ET. Serum level of interleukin-6 (IL-6) was higher in db/db mice but ET decreased IL-6. This suggests that ET may improve endothelial function by increasing nitric oxide bioavailability as well as decreasing chronic inflammation. We suggest this connection may be the basis for the benefit of ET in T2D.
Introduction
Type 2 diabetes (T2D) is one of the major risk factors for cardiovascular diseases (CVD) and CVD is the leading cause of death worldwide [1, 2] . Diabetic patients have a 2-to 4 fold higher incidence of coronary artery disease and a ~10 fold increase in peripheral diseases owing to accelerated atherogenesis [3, 4] . Endothelialdependent vasodilation is markedly reduced in both animal and human type 2 diabetic subjects [5] [6] [7] [8] [9] . Blood flow, in general, is regulated by the influence of several constrictors and dilators from endothelium [10] . Endothelial dysfunction is considered as an early predictor of various CVD such as atherosclerosis and heart attack and has been implicated in the pathogenesis of diabetesinduced angiopathy [11] . Accumulating evidence shows that endothelial dysfunction results in an oxygen imbalance of myocardial demand and supply that may lead to cardiac ischemia and infarction [12] [13] [14] .
Oxidative stress is tightly managed within a narrow range via regulatory mechanisms that balance reactive oxygen species (ROS) production with ROS removal by anti-oxidant enzymes such as superoxide dismutase (SOD) [15, 16] . Excessive ROS contributes to damage to DNA, lipids, and proteins, and disrupts cardiovascular reactivity [3] . Nitric oxide (NO) produced by vascular endothelium regulates vasodilation, anticoagulation, leukocyte adhesion and smooth muscle proliferation in the vasculature [3, 17] . Hyperglycemia has been reported to decrease NO bioavailability by increasing production of ROS [17] . This suggests the preservation of NO bioavailability represents a therapeutic target for managing diabetes-induced coronary artery disease.
In addition, many studies have demonstrated that atherosclerosis is a chronic inflammatory disease involving a complex interplay between vascular cells (endothelial and smooth muscle cells) and infiltrating immune cells such as macrophages [18, 19] . Macrophages infiltrating into endothelial and smooth muscle cells secrete pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), and these products exacerbate the risk of endothelial dysfunction and atherosclerosis [18, 19] .
The beneficial effects of exercise training (ET) on type 2 diabetic patients are well established. For example, exercise improves energy metabolism and insulin sensitivity, which suggests that ET remediates conditions that lead to glucose and lipid dysregulation [20] . However, the mechanisms by which ET ameliorates coronary vascular function in T2D via suppression of oxidative stress and inflammation are not completely elucidated. Thus, we hypothesized that ET will improve coronary endothelial function by suppressing oxidative stress and inflammation in a T2D murine model and tested this by investigating underlying mechanisms involved in improvement of endothelial function.
Methods

Animals
The procedures were designed in accordance with approved guidelines set by the Laboratory Animal Care Committee at the University of Missouri-Columbia. Five week old male wild-type mice (WT, Background Strain: C57BLKS/J) and homozygous type 2 diabetic mice (db/db, Lepr db , Background Strain: C57BLKS/J) were purchased from Jackson Laboratory and were housed in an animal facility conditioned with 12:12 hours lightdark cycles and allowed free access to normal chow (Research diet, D10012M) and water. Diabetic mice were randomly divided into exercised (ET) or sedentary treatments. All ET and sedentary animals were sacrificed at the age of 16-17 weeks old. Body weights and non-fasting blood glucose levels with commercial One Touch UltraSmart glucometer (Lifescan, Milpitas, CA) were recorded on weekly basis.
Exercise performance test
Exercise performance testing was previously described in detail [15, 21] . Briefly, all mice were acclimatized to run on a motorized rodent treadmill with an electric grid at the rear of the treadmill (Columbus Instruments, Columbus, OH) 2 days prior to conducting exercise performance testing. For the performance test, mice were placed on the treadmill and allowed to adapt to the surroundings for 3-5 minutes; then the treadmill was started at a speed of 8.5m/minute with a 0° incline. After 5 minutes, the speed was raised to 10m/minute. Speed was then increased by 2.5m/minute every 3 minutes to a maximum of 30m/minute.
Exercise training
Diabetic mice assigned to the exercise group were exposed to 10 weeks of training consisting of treadmill running 5 days/week, 60 minutes/day at a final intensity equivalent to approximately 50% of VO 2Max attained during the exercise performance test.
To allow for animal acclimatization, exercise intensity was gradually increased over the first 4 weeks to reach a target of 1hour of daily exercise at a speed of 10m/minute. A daily 60 minute exercise consisted of a 10-minute warm-up, a 45 minute-run and a 5-minute cool-down [15] .
Dual-Energy X-ray Absorptiometry (DEXA)
One week prior to sacrifice, all mice were anesthetized with isoflurane and whole-body compositions such as fat and lean mass were measured using a Hologic QDR-1000 with the DEXA machine calibrated for mice.
Measurement of blood parameters: cholesterol, CRP and IL-6
Blood was obtained from the vena cava after anesthesia with sodium pentobarbital (50mg/kg intraperitoneal). A whole blood sample was placed for 30 minutes at room temperature to allow clotting. The sample was then centrifuged at 2,000-3,000 x g for 10 minutes at 4 °C; the serum was collected in separate tubes without disturbing blood clots and stored at -80°C until analysis. The serum cholesterol level was measured with the Cholesterol/Cholesteryl Ester Quantitation Kit (Biovision) and the serum C-reactive protein (CRP) and IL-6 levels were measured with commercial kits (Alpco Diagnostics) using spectrophotometry according to manufacturer's instructions.
Measurement of TNF-α using ELISA
TNF-α protein levels were determined by commercial enzyme-linked immunosorbent assay (ELISA) kit (R&D systems) using heart homogenate. Observance values from ELISA were normalized to total protein concentration using the BCA TM protein Assay Kit (Pierce).
Insulin Tolerance Test
The tail tip was cut horizontally with sterile scissors and baseline blood glucose was measured using OneTouch Ultramini glucometer (Lifescan). Diluted insulin (porcine pancreas; 1 unit/kg body weight; Sigma) was injected into the intraperitoneal (I.P) cavity after overnight fasting. Blood glucose was measured from the tail of each mouse at 0, 60, 90 minutes by gently massaging a small drop of blood onto the glucometer strip.
Citrate Synthase Activity
To measure the effect of ET, soleus muscles were harvested from mice hindlimb and citrate synthase activity was assessed by Citrate Synthase Assay Kit (Sigma) according to manufacturer's instructions.
Functional Assessment of isolated coronary arterioles
The techniques for identification and isolation of coronary arterioles were previously described in detail [7] . Briefly, the hearts from 3 groups of animals, WT, db/db and db/db+ET mice were collected and immediately placed in cold (4°C) saline solution. Each coronary arteriole (50-100μm in internal diameter) was carefully isolated and cannulated with glass micropipettes. To assess the function of coronary arterioles, vessels were intraluminally pressurized at 60 cmH 2 O without flow. After developing a basal tone, the experimental interventions were performed. The concentration-diameter relationships for an activator of endothelial-dependent vasodilation, acetylcholine (ACh, 1nmol/L to 10μmol/L), and endothelial-independent, NO donor, sodium nitroprusside (SNP, 1nmol/L to 10μmol/L) were performed in the presence of NOS inhibitor, NPP GPP -nitro-l-arginine-methyl ester (L-NAME, 10μmol/L, 20 min), or in the presence of hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL, 1mmol/L, 1 hr), TNF-α (1μg/mL, 1 hr) and IL-6 (5µg/mL, 30 min) prior to beginning the protocols. At the end of each experiment, the vessel was exposed to 100μmol/L SNP to obtain its maximal diameter at 60 cmH 2 O intraluminal pressure.
Western blot analyses
For western blot analysis, the heart was separately homogenized and sonicated in lysis buffer (Cellytic MT Mammalian Tissue Lysis/Extraction Reagent, Sigma) with protease and phosphotase inhibitors (Sigma) at 1:100 ratios, respectively. Protein concentrations were assessed with BCA TM protein Assay Kit (Pierce). Equal amounts of protein (40μg or 100μg) were separated by 12% or 7.5% SDS-PAGE and transferred to PVDF or nitrocellulose membranes (Bio-Rad). Phosphorylated (phospho, Ser1177) endothelial nitric oxide synthase (eNOS), eNOS, superoxide dismutase (SOD)-1, SOD-2 and GAPDH protein expressions were detected by western blot analysis with the use of phosphoeNOS primary antibody (Santa Cruz, 1:200), eNOS (Santa Cruz, 1:200), SOD-1 primary antibody (Calbiochem, 1:1000), SOD-2 primary antibody (Calbiochem 1:1000) and GAPDH (Imagenex, 1:2000). Horseradish peroxidase (HRP)-conjugated secondary antibodies were accordingly used. Signals were visualized by enhanced chemiluminescence (ECL, Bio-Rad), scanned with a Fuji LAS 3000 densitometer. The relative amounts of protein expression were quantified and normalized to those of the corresponding internal reference, GAPDH and then normalized to corresponding WT, which were set to a value of 1.0.
Data analysis
At the end of each experiment, the vessel was exposed to 100µmol/L SNP to obtain its maximal diameter at 60cm H 2 O intra-luminal pressure. All diameter changes to pharmacological agonists were normalized to the control diameter. Statistical comparisons of vasomotor responses under various treatments and insulin tolerance test responses were analyzed by two-way ANOVA with repeated measures. The significance of differences among groups observed in relative protein content was evaluated by one-way ANOVA using SPSS17. Statistical differences were considered significant at the p<0.05 or P<0.01 probability level.
Results
General characteristics and serum parameters of mice
Diabetic mice showed higher body mass, % body fat, fat mass, and blood glucose, whereas they exhibited lower lean mass compared to WT mice. However, exercise did not alter these parameters in db/db mice (Table1).
As an indicator of the physiological effectiveness of our exercise protocol, citrate synthase activity was significantly increased in exercised db/db mice but there were no significant differences between WT and db/db mice (Table1). An insulin tolerance test was performed after 9 weeks of exercise regimen in db/db mice. We showed in a previous study that diabetic mice were significantly insulin intolerant compared to WT and exercise partially improved insulin intolerance in db/db mice (Figure1). Lowgrade inflammation marker, CRP and total cholesterol were increased in db/db serum. Exercise did not change CRP whereas it partially decreased total cholesterol in db/db mice (Table1).
Role of exercise training in coronary arteriolar function in type 2 diabetes
Consistent with previous studies, AChinduced endothelial-dependent vasodilation was attenuated in coronary arterioles in db/db mice compared to WT. Administration of 10 weeks ET completely restored vasodilation in db/db mice (Figure 2A ). Dilation to the NO donor, SNP in WT, db/db and db/db+ET was identical ( Figure  2B ).
Role of exercise in NO bioavailability
Coronary arterioles were incubated with the nitric oxide synthase (NOS) inhibitor, L-NAME, which significantly inhibited vasodilation to ACh in WT and db/db+ET, whereas dilation was not altered in db/db mice ( Figure 3A) . Our western blotting data showed that total eNOS protein expression was not changed by diabetic status and exercise. In addition, phosphorylated eNOS at Ser1177 was not changed by diabetic status but eNOS phosphorylation at Ser1177 was increased with exercise in db/db mice ( Figure 3B ). Table 1 . The body mass, % body fat, fat and lean mass, citrate synthase activity, blood glucose level, serum total cholesterol and C-reactive protein were examined in WT and db/db mice with/without ET. Diabetic mice (db/db) showed higher body mass, % body fat, fat mass, and blood glucose, whereas they exhibited lower lean mass compared to WT mice. Citrate synthase activity was significantly increased in exercised db/db mice but there were no significant differences between WT and db/db mice. Low-grade inflammation marker, CRP and total cholesterol were increased in db/db serum. ET did not change CRP whereas it decreased total cholesterol in db/db mice. Data represent means ± SE. WT, wild-type; ET, exercise training; CRP, C-reactive protein. *P<0.05 compared with WT. #P<0.05 compared with db/db. 
Role of anti-oxidants in coronary arteriolar function in type 2 diabetes
Coronary arterioles were incubated with the superoxide scavenger, TEMPOL, which restored endothelial function in db/db mice ( Figure 4A ). Endogenous antioxidants, SOD-1 and SOD-2 protein expression in the heart were lower (but not significantly) in diabetic mice compared to WT mice. Exercise significantly increased SOD-1 and SOD-2 in db/db mice ( Figure 4B and C (n=3-17) . B. Protein expression of endothelial nitric oxide synthase (eNOS) in heart homogenate was identical among groups. Phosphorylated Ser 1177 protein expression did not changed by diabetic status, but ET increased phosphor-eNOS protein expression in db/db mice (n=6). *P<0.05 vs WT. #P<0.05 vs db/db.
Role of pro-inflammatory cytokines in coronary arteriolar function in type 2 diabetes
ACh-induced vasodilation was greater than in WT and db/db+ET mice compared to that in db/db mice. TNF-α or IL-6 incubation impaired endothelial-dependent vasodilation in WT and db/db+ET, whereas this incubation did not further impair endothelial-dependent vasodilation in arterioles from db/db mice ( Figure 5A and B) . To test whether ET could decrease TNF-α and IL-6 production, TNF-α and IL-6 protein levels were determined by ELISA. TNF-α protein significantly increased in db/db heart homogenate compared to WT, exercise decreased TNF-α protein levels in the db/db heart ( Figure 5C ).
Similarly, serum protein level of IL-6 was higher in db/db compared to WT and exercise lowered (but not significantly) serum protein level of IL-6 in db/db mice (P=0.155) ( Figure 5D ). 
Discussion
Hyperglycemia in diabetes results in oxidative stress and low-grade chronic inflammation [22] [23] [24] . Excessive oxidative stress and chronic inflammation are major pathogenic characteristics of diabetes-induced vascular complications [16, 24, 25] . Previous studies have shown that oxidative stress and inflammation play important roles in the development of endothelial dysfunction in diabetes [1, [26] [27] [28] . Oxidative stress arises from an imbalance when the production of ROS exceeds that of endogenous anti-oxidant enzymes [10, 16, 29] . Excessive ROS such as superoxide are highly reactive with NO and decrease the bioavailability of NO in the vasculature [17, 30] . Thus, factors that increase NO bioavailability via anti-oxidants as well as improved production of vasodilators may be important therapeutic targets for preserving endothelial function in type 2 diabetic patients. Incubation of tumor necrosis factor-alpha (TNF-α, 1μg/mL, 1 hr) or interleukin-6 (IL-6, 5µg/mL, 30 min) impaired ACh-induced vasodilation in WT and db/db+ET (n=3-17). C. Protein level of TNF-α were determined by enzyme-linked immunosorbent assay (ELISA). TNF-α protein levels in hearts were higher in db/db mice compared to WT. Exercise decreased TNF-α protein levels (n=6-7). D. Serum levels of IL-6 were measured by ELISA. Serum levels of IL-6 were higher in db/db compared to WT. Exercise decreased IL-6 levels but it did not reach to statistical difference (n=6-9). *P<0.05 vs WT. #P<0.05 vs db/db.
Endothelial dysfunction is an early indicator of increased risk for developing diabetes and restoring endothelial function is an important goal of therapeutic strategies for diabetes-induced CVD [3] . Exercise regimen is highly recommended in the therapies for type 2 diabetic patients and is believed to improve hyperglycemia, plasma lipid and insulin sensitivity as well as control of body mass [20, 31, 32] . Even though reduced body weight is often an important target achieved by life style changes such as exercise and calorie restriction, numerous studies suggest that salutary effects of an exercise regimen on CVD also occur independently of body mass [33] [34] [35] . There are several proposed mechanisms for how cardiometabolic benefits of exercise are obtained in diabetic patients. Exercise improves cardiovascular function by decreasing risk factors such as plasma lipids, blood glucose and/or body mass index [36, 37] . However, long-term vigorous exercise is reported to ultimately result in a decrease in some of these metabolic parameters even though vascular function continues to improve [38] . In our study, 10 weeks of exercise training improved coronary arteriolar function without lowering blood glucose, CRP and body mass (lean and fat mass) as well as partial improvement in total cholesterol and insulin sensitivity, which may be associated with vascular endothelial function (Table1). Exercise also partially ameliorated blood glucose and insulin resistance in diabetic mice but not sufficiently to reach the levels seen in WT mice (Table1 and Figure1). Since ET completely reversed endothelial dysfunction of coronary arterioles in diabetes, this suggests that restoration may involve factors independent of body mass, hyperglycemia and insulin resistance. Vascular reactivity from diabetic animals and humans exhibited attenuated endothelialdependent relaxation in response to ACh [5] [6] [7] 34] . Consistent with previous studies, our results show that diabetic mice exhibited endothelial dysfunction compared to WT, and ET completely reversed coronary arteriolar endothelial dysfunction. However, endothelial-independent vasodilation to SNP was comparable among groups suggesting that ET improves vascular function via an endothelial-dependent route (Figure2). To investigate molecular mechanisms involved in beneficial effects of ET in terms of endothelial function, we incubated coronary arterioles with L-NAME and conducted immunoblots using heart tissue containing coronary arterioles. Evidence showed that sheer stress induced by exercise may alter protein expression of eNOS and phosphorylated eNOS [39] . In the present study, total eNOS and phosphorylation of eNOS were not altered in heart homogenates of WT and db/db mice. Exercise upregulated phosphorylated eNOS activity in diabetes suggesting ET contributes to improve endothelial function by phosphorylation of eNOS at Ser1177.
Apart from eNOS expression, hyperglycemia results in increased oxidative stress in diabetes [40] . The formation of peroxynitrite occurs through a reaction between excessive superoxide and NO [41] . Superoxide dismutases (SODs) play an important role in scavenging superoxide to form hydrogen peroxide [42] . Three isoforms of SOD are currently known, but their relative role in protecting against diabetes-induced endothelial dysfunction is not fully elucidated. In our study, diabetic status did not change protein expression of SOD1 and 2, but exercise significantly increased these protein expressions. In addition, incubation of the superoxide scavenger, TEMPOL (a membrane-permeable superoxide mimetic) with blood vessels significantly improved endothelial function in coronary arterioles of diabetic subjects. However, coronary arterioles from exercise trained diabetes mice were not improved by incubation with TEMPOL suggesting that exercise may contribute to improvement of endothelial function by increasing SOD1 and 2.
Increased inflammation is a major risk factor in diabetes that may contribute to impaired endothelial function [1] . Type 2 diabetes is closely associated with increased levels of inflammatory cytokines such as TNF-α, IL-6 and IFN-γ [28] . TNF-α in the vasculature plays a critical role in endothelial dysfunction in type 2 diabetes [28] . Our results indicate that endothelial function is impaired in WT and db/db+ET mice when arterioles are incubated with TNF-α or IL-6 suggesting that pro-inflammatory cytokines may contribute to endothelial dysfunction in coronary circulation. In addition, protein expression of TNF-α is increased in db/db and exercise significantly decreased TNF-α protein level. As we previously reported, serum level of IL-6 was increased in diabetic mice and exercise decreased IL-6.
In conclusion, the major finding of this study is that 10 weeks moderate intensity ET restored endothelial function of coronary arterioles by increasing NO bioavailability as well as reducing inflammation in type 2 diabetic mice. Exercise: 1) improved eNOS phosphorylation; 2) increased anti-oxidant enzymes such as SOD-1 and SOD-2, to increase NO bioavailability; 3) decreased proinflammatory cytokines such as TNF-α and IL-6. ET exerts numerous beneficial effects on endothelial function that appear to be remedial and/or protective in nature. ET has intrinsic value as an independent therapy and shows promise for use in combination with other therapies. Further detailed characterization of the therapeutic effects of exercise on vascular function will aid in devising clinical strategies to reduce risk of diabetes-induced myocardial infarction.
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